A new idea, active biostimulation, was put forward that direct addition of microbial nutrients into unreadily biodegradable petroleum-based lubricants is possible to stimulate biodegradation of the lubricants when they enter the environment, thus to help in situ "active" bioremediation of lubricant-contaminated areas. In the present study, small amount of nutritious amino acids, viz. oleoyl glycine, lauroyl alanine and lauroyl glycine, as "active biostimulators" were doped into a petroleum lubricating oil, respectively. The biodegradation capacities of neat oil and the amino acid-doped oils in environmental soils under specific conditions were determined and their biodegradation kinetics simulated based on the exponential kinetics model. The results demonstrated that oleoyl glycine, lauroyl alanine and lauroyl glycine were efficient in boosting biodegradation of lubricating oils in soils. Furthermore, biodegradation of lubricating oils in soils were well modeled by the first-order exponential kinetics. The biodegradation kinetics for the amino acid-doped oils in soils clearly displayed greater biodegradation reaction rates and thereby shorter biodegradation half-lives.
Introduction
It has been estimated that millions of tons of lubricants end up in the environment worldwide every year as a result of leaks, emissions, spillages, or other problems [1] [2] [3] . Contamination of eco-systems caused by conventional petroleum-based lubricants, which consist predominantly of hydrocarbons and are among the most ubiquitous contaminants in the environment, has posed great environmental problems mainly due to their inherent unreadily biodegradable nature [4] [5] [6] [7] [8] . Although since the middle of the 1970s, focus on health, safety and the preservation of the environment has turned the searchlight to the effects of mineral lubricants on the environment and has stimulated the development of environmentally friendly lubricants, effective bioremediation of petroleum lubricant contaminated environment remains a challenge [9] [10] [11] [12] [13] .
As we know, biodegradation is a natural process controlled by the environmental conditions such as the temperature, the pH, the scarcity of nutrients and the bacterial inoculums. Biodegradability is the extent to which a material can be broken down or transformed by microorganisms into innocuous products such as carbon dioxide and water. Biodegradation is one of the major routes by which petroleum lubricants are removed from the eco-systems, and is the predominant yard stick to measure how lubricants rate for being environmentally friendly. Over the last decades, successful bioremediation of hydrocarbon contaminated areas such as water and soils has been achieved through biostimulation of the indigenous microbial community, a process whereby the natural biodegradation capacities of hydrocarbons are enhanced by addition of nutrient fertilizers such as nitrogenous and phosphorus compounds into the contaminated environment [14] [15] [16] [17] [18] [19] .
According to the technical principles of biostimulation, a new idea in the nature of things occurs to the authors that it is possible to aforehand intentionally formulate microbial nutrient additives into unreadily biodegradable petroleum lubricants so as to stimulate biodegradation of lubricants and thus to turn the lubricants into greener biodegradable ones. This new idea is hereby currently referred to as "active biostimulation". As the name implies, active biostimulation is technically and methodologically different from traditional biostimulation in that the former is done by direct addition of nutrient fertilizers into lubricants as performance additives in the process of lubricant formulation designing and manufacturing, and is expected to "automatically" enhance biodegradability of lubricants when they enter the environment, with the ultimate aim to help in situ "active" bioremediation of lubricant-contaminated environment. In the present study, three surface active nitrogenous amino acids, viz. oleoyl glycine, lauroyl alanine and lauroyl glycine, as nutritious fertilizers were doped into a petroleum-based lubricating oil, respectively. The biodegradation capacities of the neat oil and the amino acid-doped oils in environmental soils were evaluated and their biodegradation kinetics modeled based on the exponential kinetics.
Experimental Materials
Lubricant: a well refined petroleum-derived lubricating base oil with kinematic viscosity of 98.16 mm2/s at 40℃.
Amino acids: oleoyl glycine (abbreviated as OGN), lauroyl alanine (abbreviated as LAN) and lauroyl glycine (abbreviated as LGN). OGN, LAN and LGN were prepared by reacting oleoyl chloride with glycine, lauroyl chloride with alanine, and lauroyl chloride with glycine under alkalic and then acidic conditions, respectively.
Soil specimens: obtained from under the earth's surface of about 15 centimeters, and then screened out with a sizer 1 mm in pore diameter.
Biodegradation Test
For evaluating the effect of amino acids on biodegradation of mineral lubricating oils in soils, 0.5% mass percent of OGN, LAN and LGN was incorporated into lubricating oil, respectively. Thereafter, a certain amount of neat oil and the amino acid-doped oils were well blended with the soil specimens, respectively. Four oil-contaminated soil specimens, namely, one soil specimen contaminated with neat oil and three soil specimens contaminated with the amino acid-doped oils, were then ready for biodegradation tests. The biodegradation tests for the four oil-containing soil specimens were conducted simultaneously at ambient temperatures under the environmental conditions fortified by continuous supply of oxygen by pumping air into the soils at the rate of about 15 L/min. while keeping water contents of the soils at about 25%.
After certain biodegradation durations, e.g. 0 day, 2 days, 5 days, 10 days, 15 days and 20 days, the total residual concentrations of oils in each soil specimen were determined and the biodegradability of neat oil and the amino acid-doped oils at the end of the individual test durations was calculated by Eq.1 as given below.
Where t  is the biodegradability of an oil at the end of biodegradation durations of t; S 0 is the initial concentrations of an oil in soil (mg/g); S t is the residual concentrations of an oil in soil after t days of biodegradation (mg/g). The detailed procedures for determining the residual oil concentrations after t days of biodegradation are as follows.
For each oil-contaminated soil specimen, about 10 grams of soil samples were taken out, accurately weighed, and then put into an Erlenmeyer flask with stopper. Afterwards, 50 mL of chloroform (CHCl 3 ) as an extracting agent were added into the sample soils with mild stirring, and the substantial flask was then allowed to stand overnight. Thereafter, the flask was heated in a water bath of 50～55℃ for about 1hour, and the supernatant was then pump-filtered into an accurately weighed beaker. The soil residue was further extracted with 25 mL of CHCl 3 twice likewise, and the extractants were again filtered into the beaker. After the extraction, the beaker was heated in a water bath of 50～55℃ in a ventilating hood to remove CHCl 3 , and then dried in an oven of 60～75℃ for 4 hours. After cooling to room temperatures, the beaker was again accurately weighed. The weight increase of the beaker was consequently the amount of the total residual oil in the soil samples. Therefore, S t , the residual concentrations of oil in soils after t days of biodegradation, could be obtained by dividing the amount of the residual oil with the amount of the sample soils. It can be seen from Fig. 1 that, at the end of each tested duration, viz. 2 days, 5 days, 10 days, 15 days and 20 days, the biodegradabilities of oils formulated with OGN, LAN and LGN were much higher than that of neat oil in soils. The apparent increase of lubricant biodegradability that was achieved with the addition of amino acids was very encouraging and indicated that OGN, LAN and LGN acted as "active biostimulators" for restoration of mineral lubricant-contaminated soils, of which OGN was the most efficient biostimulator.
Results and Discussion

Effect of Amino Acids on Biodegradability of Lubricating Oil
Modeling of Biodegradation Kinetics
It has been reported that the kinetics of biodegradation for many organic substances under environmental conditions can be well simulated by the exponential model [20] as given in Eq. 2.
Where S is the concentrations of the biodegradation substrate, k is the biodegradation rate constant, and n is the biodegradation reaction order.
Saying that the biodegradation rate of S at the time t is proportional to the value of S t , and it has the initial value S 0 , then integration of the Eq.2 and incorporation of the initial value of S 0 gives:
For n = 0: Again saying that, in the present study，biodegradation of lubricating oils in soils proceeded following the first-order (n =1) exponential function, then the biodegradation kinetics for neat oil and the oils doped with amino acids were modeled based on the Eq.4 which is a linear relationship between ln(S t /S 0 ) and t. Table 1 shows the variations of the residual concentrations of oils in soils and the natural logarithms of (S t /S 0 ) with biodegradation durations, based on the biodegradation test results. Table 1 . Variations of contents of lubricating oils in soils and ln(S t /S 0 ) with durations.
Oil with OGN Oil with LAN Oil with LGN According to the results given in Table 1 , the first-order exponential biodegradation rate equations for neat oil and the oils doped with OGN, LAN and LGN were regressed respectively as shown in Fig.2 . 
Summary
Active biostimulation as a new concept was proposed with an aim to automatically stimulate biodegradation of unreadily biodegradable lubricants by intentional addition of nutrient fertilizers into lubricants, thus to help in situ active bioremediation of lubricant-contaminated environment. Our preliminary investigations have demonstrated that amino acid fertilizers such as oleoyl glycine, lauroyl alanine and lauroyl glycine as "active biostimulators" were efficient in enhancing biodegradation of petroleum lubricating oils in soils in the active biostimulation process. Furthermore, active biostimulation for biodegradation of lubricating oils in soils could be well modeled by the first-order exponential kinetics under specific environmental conditions. Active biostimulation, although intensive investigations are still mandatory, is as such expected to be a new promising and cost-effective approach not only for bioremediation of lubricant-contaminated areas, but also for bioremediation of environment polluted by other unreadily biodegradable industrial chemical products.
